In North America, liver disease due to alcohol consumption is an important cause of death in adults, although its pathogenesis remains obscure. Despite the fact that resident hepatic macrophages are known to contribute to early alcohol-induced liver injury via oxidative stress, the exact source of free radicals has remained a mystery. To test the hypothesis that NADPH oxidase is the major source of oxidants due to ethanol, we used p47 phox knockout mice, which lack a critical subunit of this major source of reactive oxygen species in activated phagocytes. Mice were treated with ethanol chronically, using a Tsukamoto-French protocol, for 4 weeks. In wild-type mice, ethanol caused severe liver injury via a mechanism involving gut-derived endotoxin, CD14 receptor, production of electron spin resonance-detectable free radicals, activation of the transcription factor NF-κB, and release of cytotoxic TNF-α from activated Kupffer cells. In NADPH oxidase-deficient mice, neither an increase in free radical production, activation of NF-κB, an increase in TNF-α mRNA, nor liver pathology was observed. These data strongly support the hypothesis that free radicals from NADPH oxidase in hepatic Kupffer cells play a predominant role in the pathogenesis of early alcohol-induced hepatitis by activating NF-κB, which activates production of cytotoxic TNF-α.
dants from NADPH oxidase are involved in early alcohol-induced liver injury. This hypothesis was evaluated by comparing wild-type and NADPH oxidase-deficient (p47 phox knockout [-/-]) mice (12) treated continuously with ethanol.
Methods
Animals and treatments. NADPH oxidase-deficient (p47 phox-/-) mice lack a critical cytosolic component required for assembly of an active NADPH oxidase complex (12) . The animals were the product of embryonic stem cell 129/Sv-derived sperm and C57BL/6-derived eggs. The product of this mating was bred back onto a control inbred laboratory C57BL/6 strain three times. Heterozygotes were crossed to yield homozygote knockouts and wild types. From this progeny, the knockout and wild-type lines were expanded in parallel. Mice were housed in a pathogen-free barrier facility accredited by the Association for the Accreditation and Assessment of Laboratory Animal Care, and procedures were approved by the University of North Carolina Institutional Animal Care and Use Committee. Two-month-old female mice (18-20 g initial body weight) were used, and gastric cannulation was performed utilizing aseptic surgical techniques as detailed elsewhere (11) . Mice were placed in individual sterile metabolic cages, and the end of the gastric cannula was connected to a swivel and infusion pump. All mice were maintained in a sterile facility and had free access to water and cellulose pellets as a source of fiber (Harlan Teklad, Madison, Wisconsin, USA). A liquid diet described by Thompson and Reitz (13) , supplemented with lipotropes as detailed by Morimoto et al. (14) , was prepared daily. Either ethanol (35-40% of total calories) or isocaloric maltose-dextrin (control diet) was added as described elsewhere (15) . Mice were randomly divided into two experimental groups and fed either highfat control or ethanol-containing diet continuously for up to 4 weeks via an intragastric cannula. The diet (1.29-1.31 kcal/ml) was infused at a rate of 0.44 ml/g body weight per day with an infusion pump (Edco Scientific, Chapel Hill, North Carolina, USA). The degree of alcohol intoxication was assessed to evaluate development of tolerance so that ethanol delivery could be increased. The amount of ethanol in the diet was varied from 4-8% to obtain optimal delivery of calories without compromising growth or survival. The initial rate of ethanol delivery (14 g/kg per day, 27% of total calories) was increased 1 g/kg per 2 days until the end of the first week and then 1 g/kg per 4 days until the end of the experiment (final rate 28 g/kg per day, 38% of total calories). Ethanol concentrations in urine and transaminases in serum were measured (16) . Livers were fixed in formalin, embedded in paraffin, and stained with hematoxylin and eosin (H&E) to assess steatosis, inflammation, and necrosis. Pathology was scored in a blinded manner (17) . The utility of this model for mechanistic studies using knockout mice is clear; however, differences in transaminase release and inflammation indicate that this model is not identical with human alcoholic hepatitis.
Knockout mice that have been backcrossed less than 4 times will differ genetically from the wild-type strain not only at the locus of interest, but at other loci as well (18). To partially address this possibility, we compared total pathology scores following enteral alcohol in our p47 phox wild-type strain with pure C57BL/6 mice. Indeed, total pathology scores in pure C57BL/6 mice (5.5 ± 0.6) and the p47 phox wild-type strain (5.4 ± 0.4) were not significantly different (P = 0.814), which provides evidence that the response of the p47 phox wildtype strain to alcohol was not different from that exhibited by pure C57BL/6 animals. However, these two control strains may differ from the p47 phox knockout strain at loci other than p47 phox (reviewed in ref . 18), thus leaving open the formal possibility that the protection from alcohol-induced liver injury observed in the p47 phox null strain may be determined by genetic differences in loci that are distinct from, or interact with, the p47 phox locus.
Collection of bile and detection of free radical adducts. Ethanol concentration in the breath was analyzed by gas chromatography to verify that animals in different groups had similar blood alcohol levels (200-250 mg/dl) when comparisons were made. Mice were anesthetized with pentobarbital (75 mg/kg), the abdomen was opened, and the gallbladder was cannulated. After Urine alcohol concentrations and serum ALT levels were determined as described in Methods. A P < 0.05 compared with the wild-type control group, B P < 0.05 compared with the wild-type ethanol group by two-way ANOVA using Bonferroni's post-hoc test. Pathological changes were scored as described in Methods. C P < 0.05 compared with the wild-type control group, D P < 0.05 compared with the wild-type ethanol group by the Mann-Whitney rank sum test.
the spin trap POBN (1 g/kg) was administered intraperitoneally, bile samples (200-300 µl) were collected for 3 hours into 35 µl of 0.5 mM deferoxamine mesylate to prevent ex vivo radical formation. During bile collection, 0.1 ml of saline was injected intravenously at 30-minute intervals to prevent dehydration. Samples were stored at -80°C until analyzed by ESR spectroscopy (4) . ESR spectra were obtained using a Bruker EMX ESR spectrometer (Bruker Instruments Inc., Billerica, Massachusetts, USA). The instrument settings were 20-mW microwave power, 1.0-G modulation amplitude, 80-G scan width, 16-minute scan, and 1-second time constant. Simulations of radical spectra were performed as detailed elsewhere (19) . Preparation of nuclear extracts and electrophoretic mobility shift assays. Nuclear protein extracts were prepared on ice as described by Dignam et al. (20) with minor modifications (21) . Protein concentration was determined using the Bradford protein concentration assay kit (Bio-Rad Laboratories Inc., Hercules, California, USA) (22) . A gel mobility shift assay was used to assess the amount of active protein involved in protein-DNA interactions (23) . The specificity of protein binding in nuclear extracts was confirmed in competition and supershift experiments. Labeled and unlabeled oligonucleotides contained the consensus sequence for NF-κB (24) . Data were quantitated by scanning autoradiograms with GelScan XL (Amersham Pharmacia Biotech Ltd., Uppsala, Sweden).
Isolation of RNA and RNase protection assays. RNA was extracted from samples of liver tissue using QuickPrep Total RNA Extraction Kit (Amersham Pharmacia Biotech, Piscataway, New Jersey, USA). TNF-α, IL-6, and the housekeeping gene GAPDH were detected with a mouse cytokine RNA probe template set (mCK3b; PharMingen, San Diego, California, USA). Riboprobes were synthesized in the presence of [ 32 P]UTP to yield labeled antisense RNA probes, and RNase protection assays were performed on 30 µg of liver RNA samples using a RiboQuant multiprobe RNase Protection Assay Kit (PharMingen). Protected fragments were separated on 6% polyacrylamide QuickPoint gels (Novex, San Diego, California, USA), dried, and exposed to x-ray film.
Statistics. Results are reported as means ± SEM with n = 4 to 5 in each group. One-or two-way ANOVA and Student-Neuman-Keuls post-hoc test were used where appropriate. P < 0.05 was selected prior to the study to determine statistical differences between groups.
Results and Discussion
Alcohol-containing or control diets were initiated 1 week after surgery to allow for complete recovery, and all mice were healthy during the enteral feeding period.
No differences in behavior between wild-type and p47 phox-/-mice fed ethanol were observed. Mice gained weight steadily during 4 weeks of continuous enteral feeding of liquid diets with or without ethanol, indicating adequate nutrition (see Table 1 ). In both rats and mice, urine alcohol levels fluctuated in a cyclic pattern even though ethanol was infused continuously (3, 11) . Recently, it was reported that the cyclic oscillation of the urinary alcohol level in rats fed ethanol involves fluctuation of body temperature and thyroid hormone release (25) . Since similar patterns were observed here in p47 phox-/-mice, it is concluded that NADPH oxidase is
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Figure 1
Histopathological signs of alcoholic liver injury: steatosis, inflammation and necrosis are evident in liver of wildtype but not NADPH oxidase-deficient mice after 4 weeks of enteral ethanol treatment. Wild-type (a and c) and p47 phox-/-(b and d) mice were given high-fat (control; a and b) or ethanolcontaining (c and d) diets via an intragastric cannula for 4 weeks. Liver samples were harvested and stained with H&E. Representative photomicrographs; original magnification, ×100. not involved. Average urine alcohol concentrations over 4 weeks were 248 ± 17 mg/dl (mean ± SEM) in wild-type and 255 ± 22 mg/dl in p47 phox-/-mice (see Table 1 ). Serum ALT levels were about 30 U/l in wild-type mice fed a high-fat control diet for 4 weeks; however, values were increased significantly, about threefold, by enteral ethanol (see Table 1 ). In contrast, increases were blocked completely in p47 phox-/-mice fed ethanol.
After 4 weeks of the high-fat control diet, there were no pathological changes in the livers of wild-type mice (Figure 1a ) or unexpected changes in p47 phox-/-mice fed a high-fat diet (Figure 1b) (12) . Wild-type mice fed enteral ethanol developed severe steatosis in pericentral to midzonal regions, as well as inflammation and necrosis (Figure 1c) , with a total pathology score of 5.4 ± 0.4 (see Table 1 ). A macro-or microvesicular pattern of fat accumulation was observed mainly in pericentral to midzonal regions, except for 1 to 3 layers of hepatocytes around central veins. In contrast, these pathological changes were prevented nearly completely in p47 phox-/-mice fed enteral ethanol (Figure 1d ) (total pathology score, 0.6 ± 0.1).
Free radical adducts were barely detectable in bile from wild-type mice (Figure 2a 
Figure 2
Formation of ESR-detectable free radical adducts due to ethanol administration is blocked in NADPH oxidase-deficient mice. Wildtype mice and p47 phox , respectively, were fed enteral high-fat control diet (a, b) or enteral high-fat ethanol-containing diet (c, d) for 4 weeks. After POBN injection (1 g/kg intraperitoneally), bile was collected and analyzed using ESR spectroscopy. Representative ESR spectra of seven separate experiments are shown. approximately 50/50 mixture of α-hydroxyethyl and lipid-derived free radical adducts (4, 26) . ESR studies of such systems using 13 C-ethanol have demonstrated the similarity of the hyperfine coupling constants and the presence of both radical adducts following chronic ethanol administration using Tsukamoto-French protocol (4). Spectrum II, with its unique β hydrogen hyperfine coupling of 3.2 G, is most likely the POBN/CO 2 • -free radical adduct formed by the abstraction of a hydrogen atom from endogenous formate to give CO 2 • -, which then reacts with POBN (27) . Importantly, all three above-mentioned free radical adducts are formed from attacks of oxidants on the respective parent molecule.
On the other hand, radical adduct formation was not increased in p47 phox-/-mice fed ethanol (Figure 2d ; P < 0.05). Endotoxin-activated Kupffer cells and infiltrating neutrophils are two possible sources of oxidant production. However, several sets of evidence point to the NADPH oxidase in Kupffer cells as a likely source of free radicals due to alcohol treatment. First, it was shown that inactivation of Kupffer cells with GdCl 3 blocks formation of the α-hydroxyethyl radical in the chronic enteral ethanol feeding model in rats (4) . Furthermore, the number of infiltrating neutrophils does not increase until 2-4 weeks of enteral alcohol feeding, and liver injury is prevented early in p47 phox-/-mice when few neutrophils are present (data not shown). Furthermore, it was shown that acute ethanol treatment activates NADPH oxidase in rat Kupffer cells (28) . Indeed, ethanol activates LPSstimulated superoxide production in Kupffer cells determined by SOD-inhibitable reduction of cytochrome c (29) . In Kupffer cells isolated by standard procedures (30) from wild-type mice, superoxide was increased from 1.5 ± 0.2 nmol/10 6 cells per 15 minutes to 3.2 ± 0.3 by acute ethanol treatment (5 g/kg, intragastrically for 21 hours). However, LPS did not increase superoxide production in cells from p47 phox-/-mice (control: 0.3 ± 0.2 nmol/10 6 cells per 30 minutes; LPS [10 µg/ml]: 0.3 ± 0.1). Furthermore, the radical scavenger allopurinol blocks alcoholinduced liver injury in the rat (31) .
Oxidants can function not only as toxic substances, but also as second messengers (32, 33) . For instance, the transcription factor NF-κB is redox-sensitive and plays an important role in signaling (34) . Since both alcohol and the peroxisome proliferator WY-14,643 activate NF-κB nearly exclusively in Kupffer cells in the rat (35) , it was hypothesized that NF-κB is involved in alcohol-induced liver injury by stimulating TNF-α production in Kupffer cells. In wild-type mice fed a highfat control diet for 4 weeks, NF-κB activity was minimal; however, activity was increased significantly, about twofold, by enteral ethanol in wild-type mice (Figure 3,  a and b) . In contrast, this increase was blocked completely in p47 phox-/-mice. Thus, the key transcription factor NF-κB is not activated by alcohol in NADPH oxidase-deficient mice.
Binding sites for NF-κB have been identified within the regulatory elements of genes for proinflammatory cytokines such as TNF-α (36). Recent evidence from this laboratory supports the hypothesis that TNF-α plays an essential role in early alcohol-induced liver injury. Specifically, anti-TNF-α serum reduces inflammatory cell infiltration and necrosis in the rat enteral alcohol model (37) . Furthermore, alcoholinduced liver injury is present in wild-type mice fed enteral ethanol chronically, but not in TNF receptor-1 knockout mice (11) . In this study, expression of TNF-α and IL-6 mRNA was increased in wild-type but not in p47 phox-/-mice fed ethanol-containing diet ( Figure  3c ). TNF-α stimulates sinusoidal endothelial cells to synthesize adhesion molecules (e.g., ICAM-1 and others) that are involved in inflammation (38) (39) (40) . Further, liver injury in wild-type mice fed enteral ethanol was prevented in ICAM-1 knockout mice (Kono et al., unpublished observations). TNF-α is also implicated in hepatic steatosis caused by ethanol (41) . In this study, hepatic steatosis observed in wild-type mice was prevented nearly completely in p47 phox-/-mice ( Figure  1 ), suggesting that TNF-α production enhanced by oxidants is involved in fat mobilization and/or metabolism during alcohol feeding.
Collectively, the data presented here are consistent with the following sequence of events: ethanol, endotoxin, Kupffer cell CD14, NADPH oxidase, oxidants, NF-κB, TNF, cytotoxicity. Taken together, these results strongly support the hypothesis that oxidants from NADPH oxidase, most likely of Kupffer cell origin, play a key role in the pathogenesis of early alcoholinduced liver injury.
